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I. INTRODUCTION
The nature of the dark matter is one of the mysteries in today's physical science. It has been intensively explored both theoretically and experimentally. Studies showed that the cosmic dark matter is plausibly composed of non-baryonic Weakly Interacting Massive Particles (WIMPs) [1] . While the Standard Model of particle physics cannot provide a candidate for the dark matter WIMP, the popular supersymmetric theory with R-parity conservation can provide a good candidate, i.e., the lightest supersymmetric particle (LSP). So far the widely studied scenario is assuming the lightest neutralino to be the LSP. However, despite of the overwhelming popularity of this scenario, other possibilities should not be ignored due to the following reasons. On the one hand, the success of such neutralino dark matter scenario may be spoiled by the problems caused by gravitino in the reheating era [2] . On the other hand, new Sudan ground experiment [3] detected no neutralino dark matter signal and ruled out much of the parameter space.
One possible scenario other than neutralino LSP is assuming the gravitino to be the LSP. Such gravitino LSPs can form warm or cold cosmic dark matter, depending on the gravitino mass:
(i) In some low-energy SUSY breaking models, like the gauge mediated SUSY breaking (GMSB) models, the gravitino is much lighter (of keV) than other supersymmetric particles. It can thus form the warm dark matter. Note that the recent WMAP data impose severe constraints on the dark matter type. As analyzed in [4] , while a very tiny component of dark matter can be the hot neutrinos, the warm dark matter is ruled out due to the detected early re-ionization of the Universe at a redshift z ≈ 0.20. Therefore, the scenario of warm dark matter gravitino is not favored by recent observations
(ii) In the popular mSUGRA models, the gravitino mass is unspecified and only known to be of the weak-scale. Such heavy gravitinos are possibly the LSP and can form the cold dark matter in the Universe. This scenario was recently proposed in [5] .
In this work we focus our attention on the heavy gravitino LSP scenario. Since such heavy gravitinos couple gravitionally, they are naturally the so-called Superweakly Interacting Massive Particles (SuperWIMPs). As plausible candidates for the cold dark matter in the universe [5] , the gravitino SuperWIMPs can naturally evade the current dark matter detection experiments due to their superweak couplings. However, this scenario must subject to the constraints from the Big Bang nucleosynthesis (BBN) as well as the WMAP data [6] :
• The existing abundances of light elements place stringent constraints in BBN. They give rather severe constraints on the energy release during that period. The late decay of WIMPs (like neutralinos) into gravitino SuperWIMPs will release electromagnetic energy. The requirement that such energy release does not spoil the successful BBN predictions for light element abundances will impose strong constraints on gravitino SuperWIMP dark matter scenario.
• WMAP precisely measured many quantities, especially the total matter density and the baryon density:
From such results we can deduce the 2σ range for the density of cold dark matter:
which is dramatically more accurate than previous results and agrees quite well with other approaches. Such precise measurements will impose strong constraints on the parameter space of gravitino SuperWIMP dark matter scenario.
The aim of this work is to examine these constraints on the parameter space of mSUGRA in the gravitino SuperWIMP dark matter scenario. In Sec. II we use light element abundances to set constraints on the masses of gravitino SuperWIMP and the late decaying WIMP. In Sec. III we take the neutralino NLSP case to examine the constraints on the mSUGRA parameter space from the WMAP data of relic density. Finally, in Sec. IV we give our conclusion.
II. CONSTAINTS ON LSP AND NLSP MASSES
While the BBN predictions for the abundances of light elements are quite successful for most light elements, the predictions for 4 He and 7 Li seemingly do not agree with the WMAP data [7] . Requiring such discrepancy be settled in the gravitino SuperWIMP dark matter scenario with the late-decaying WIMPs and, at the same time, requiring the energy release from the late decay of WIMPs not spoil the successful BBN predictions for other light elements, we obtain the constraints on the NLSP decay width and electromagnetic energy releases [7, 8] 1.5 × 10
where the ratio η ≡ n B /n γ is fixed to be 6 × 10 −10 , lying within the WMAP measured range. The neutralino (χ) WIMPs decay into gravitino (G) SuperWIMPs with a rate
where mG is gravitino LSP mass, mχ is the neutralino NLSP mass,
18 GeV is the reduced Plank scale, θ W is the weak mixing angle, and N ij denotes the matrix element projecting the i-th neutralino into Bino (j = 1), Wino (j = 2) and Higgsinos (j = 3, 4).
From Eqs. (3), (4) and (5) we obtain the constraints on the masses of the neutralino NLSP and gravitino, as shown in Fig.1 . Here for illustration we took the assumption that the neutralino NLSP is purely the Bino. (However, in the calculation of the relic density in the proceeding section, we will keep the general mixing of neutralinos although such a mixing does not lead to significant affects in most part of parameter space.) Fig.1 shows that BBN results give rather stringent upper and lower bounds on gravitino LSP and neutralino NLSP masses 140 GeV ≤ M LSP ≤ 280 GeV, 340 GeV ≤ M N LSP ≤ 560 GeV.
If the tau-slepton (stau) is the NLSP, the width of stau decay into gravitino and tau is given by [9] 
where mτ and m τ are the stau and tau masses, respectively. Then we found that the BBN constraints in Eqs.(3,4) set upper and lower limits for gravitino and stau masses 600 GeV ≤ M LSP ≤ 1400 GeV, 900 GeV ≤ M N LSP ≤ 1900 GeV.
Note that as theoretical uncertainties exist in stau decay modes and its corresponding energy release, we can only regard these limits as rough estimations which holds only if the energy release from the three-body decay mode does not significantly affect the dominant two-body decay energy release.
III. CONSTRAINTS ON MSUGRA PARAMETER SPACE
In SuperWIMP scenario, the relic density of gravitino dark matter is given by those of NLSP which later decay into gravitino and gravitino naturally inherit the relic density. The relic density is given by
In our following analyses we assume the popular case that the lightest neutralino is the NLSP. Since many uncertainties existing for the stau NLSP case (mentioned in the preceding section), we will not consider it in the examination of the constraints on the mSUGRA parameter space. We scan over the mSUGRA parameter space to obtain the region which not only satisfy the WMAP data but also give the gravitino mass consistent with BBN constraints. We use the package Microomega [10] to calculate the relic density, which includes all tree level contributions to the scattering amplitudes 1 . We use SuSpect2.0 [13] to give the sparticle masses in mSUGRA models, which includes one-loop corrections to sparticle masses and twoloop for Higgs masses. We fix the common trilinear coupling A 0 = 0 since our results are not sensitive to it. We restrict the relic density to lie within the WMAP range in Eq.(3). Further, we take into account the b → sγ constraint: 2.16 × 10 −4 < BF (b → sγ) < 4.34 × 10 −4 [14] . In our calculation we also consider the muon anomalous magnetic moment α µ . Since much theoretical uncertainty exists in α µ results 2 , we do not use α µ to set constraints and, instead, we only give the range of the mSUGRA contributions corresponding to each case.
The allowed regions in the plane of m 0 versus m 1/2 are shown in Fig.2 for plus sign of µ and Fig.3 for minus sign of µ. From the figures we have the following findings:
• For plus sign of µ, much of the parameter space with tan β < ∼ 40 is ruled out. For example, for tan β = 10, only a small strip survives, i.e., 225 GeV < ∼ m 0 < ∼ 300 GeV and 1020 GeV < ∼ m 1/2 < ∼ 1270 GeV (the corresponding contribution to α µ is 1.38 < ∼ ∆α µ × 10 10 < ∼ 2.05). When tan β increase to 50, the allowed region gets quite large, i.e., 740 GeV < ∼ m 0 < ∼ 1730 GeV and 1060 GeV < ∼ m 1/2 < ∼ 1720 GeV (the corresponding contribution to α µ is 2.18 < ∼ ∆α µ × 10 10 < ∼ 6.32).
• For minus sign of µ, similar results are obtained as in the µ > 0 case. We see from the figure that for tan β < ∼ 30, the constraints are quite severe. For example, for tan β = 10 the constraints are 220 GeV < ∼ m 0 < ∼ 305 GeV and 1020 GeV < ∼ m 1/2 < ∼ 1280 GeV (the corresponding contribution to α µ is −6.07 < ∼ ∆α µ × 10 10 < ∼ −3.7). When tan β increases to 40, the constraints are weakened to be 1060 GeV < ∼ m 0 < ∼ 1530 GeV, 1290 GeV < ∼ m 1/2 < ∼ 1795 GeV (the corresponding contribution to α µ is −5.45 < ∼ ∆α µ × 10 10 < ∼ −1.90).
It is interesting to note that if ∆α µ is required to be positive, then the allowed regions in µ < 0 case will be completely ruled out. Therefore, further scrutiny of α µ will provide meaningful constraints on the parameter space of mSUGRA. 
IV. CONCLUSION
We conclude that the gravitino SuperWIMP dark matter scenario is subjected to strong constraints from the BBN predictions of light element abundances as well as the WMAP data for the relic density. Requiring BBN predictions to agree with the WMAP data for light element abundances can impose upper and lower mass bounds for both the gravitino LSP and the NLSP. In this scenario the mSUGRA parameter space is severely constrained by the BBN constraints and the WMAP data. For the neutralino NLSP case, the low tan β ( < ∼ 40) region as well as the region accessible at LHC will be severely restrained.
If the gravitino SuperWIMP dark matter scenario is chosen by Nature, such stringent limits on the sparticle masses and parameter space may be helpful for looking for SUSY at colliders. The reach of LHC for SUSY particles in mSUGRA models extends up to m 1/2 ∼ 1400 GeV (700 GeV) for small (large) values of m 0 , assuming 100 f b −1 of integrated luminosity [17] . The narrow allowed regions of the parameter space for small tan β contrained by BBN and WMAP may be quite instructive for SUSY hunting at LHC.
